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Abstract 

The  fretting  fatigue  behavior  of  the  titanium  alloy,  Ti-6A1-4V,  was  investigated  in 
laboratory  air  (dry)  and  under  a  controlled  environment  consisting  of  synthetic  seawater. 
Fretting  fatigue  tests  were  performed  over  a  wide  range  of  axial  stresses  to  examine  both 
low  and  high  cycle  fretting  fatigue.  Finite  element  analysis  was  utilized  to  model  and 
analyze  the  experimental  data.  The  applied  stress  range  and  the  Modified  Shear  Stress 
Range  were  evaluated  as  potential  fatigue  parameters. 

The  results  found  from  this  study  can  be  summarized  as:  (1)  seawater  had  a 
deleterious  effect  on  fretting  fatigue  life  in  the  low  cycle  fatigue  regime  but  improved  life 
in  the  high  cycle  fatigue  regime,  (2)  while  the  Q/P  ratio  for  both  conditions  increased 
with  an  increasing  applied  stress,  the  seawater  Q/P  ratio  was  slightly  lower  than  the  dry 
condition  although  the  difference  was  negligible,  (3)  debris  from  dry  samples  contained 
titanium  and  oxides  while  the  debris  from  seawater  samples  contained  titanium,  oxides, 
and  seawater  contaminants,  (4)  fretting  scar  volume  was  larger  under  seawater  conditions 
than  dry  conditions,  (5)  there  were  more,  closely  spaced  striations  on  the  fracture  surface 
of  the  dry  samples  than  of  the  seawater  samples,  and  (6)  both  the  applied  (far  field)  stress 
range  and  the  Modified  Shear  Stress  Range  can  potentially  be  used  as  conservative 
fretting  fatigue  parameters  under  high  cycle  fatigue  conditions. 


IV 


Acknowledgements 


I  would  like  to  thank  my  thesis  advisor,  Dr.  Shankar  Mall,  for  his  patienee, 
guidance,  and  support  throughout  this  thesis  project.  I  would  also  like  to  thank  Dr. 
Hyukjae  Lee  and  Major  Kisu  Shin  for  their  technical  support  and  guidance  while 
performing  the  tests  and  Finite  Element  Analysis.  Finally,  I  would  like  to  thank  Robert 
Kearns  from  the  Air  Force  Materials  Faboratory  for  his  instruction  and  assistance  in 
using  the  laboratory  equipment. 


V 


Table  of  Contents 


Page 

Abstract . iv 

Acknowledgements . v 

List  of  Figures . viii 

List  of  Tables . xi 

Nomenclature . xii 

I.  Introduction . 1 

II.  Background . 7 

Mechanical  and  Chemical  Mechanisms  of  Fretting  Fatigue . 7 

Environment  Assisted  Crack  Growth . 8 

Variables  Affecting  Fretting  Fatigue . 10 

Environmental  Eretting  Eatigue . 11 

Eatigue  Parameters . 16 

III.  Experimental  Studies . 19 

Eretting  Eatigue  Experimental  Configuration . 19 

Eoad  Determination . 22 

Q/P  Ratio . 23 

Eracture  Surface  Debris . 23 

Scar  Volume . 25 

Eatigue  Striations . 26 

IV.  Analytical  Results . 63 

Requirement  of  Einite  Element  Analysis . 63 

Einite  Element  Model  of  Eretting  Eatigue  Configuration . 65 

Einite  Element  Analysis  Validation  via  Comparison  with  an  Analytical 

Solution . 66 

Eatigue  Parameters . 66 


VI 


Page 


V.  Conclusions . 76 

Experimental  Summary . 76 

Discussion  of  Experimental  Results . 77 

Eretting  Eatigue  Eife  Data . 77 

Q/P  Ratio . 78 

Eracture  Surface  Debris . 79 

Scar  Volume . 79 

Eatigue  Striations . 80 

Einite  Element  Analysis . 80 

Eatigue  Parameters . 81 

Euture  Work . 82 

Appendix  A.  Back  Scatter  Emission  Scanning  Electron  Microscope  (BSE  SEM) 
Photographs  of  Eracture  Surfaces  of  Specimens  Exposed  to  Seawater  Conditions . 84 

Appendix  B.  Scanning  Electron  Microscope  (SEM)  Photographs  of  the  Eractured 
Surfaces  of  Each  Specimen  after  cleaning . 86 

Appendix  C.  Photographs  of  Eretting  Scars  at  15,000  cycles . 97 

Appendix  D.  Scanning  Electron  Microscope  Photographs  of  Eatigue  Striations . 99 

Bibliography . 109 

Vita . 114 


vii 


List  of  Figures 


Figure  Page 

1 .  Blade/Dise  Dovetail  Joint  in  Turbine  Engine . 5 

2.  Fretting  fatigue  experimental  eonfiguration . 6 

3.  Servo-hydraulie  uniaxial  test  maetiine  with  fretting  fatigue  apparatus . 28 

4.  Fretting  fatigue  experimental  eonfiguration . 29 

5.  Fretting  speeimen  and  pad  with  dimensions . 30 

6.  Sehematie  experimental  eonfiguration  of  seawater  applieation  apparatus . 31 

7.  Typieal  hystersis  loop  of  Tangential  Foad  vs.  Displaeement . 32 

8.  Effeetive  Stress  (oeff)  vs.  Number  of  Cycles  to  Failure  (Nf)  of  various  seawater 

application  frequencies . 33 

9.  Effect  of  various  seawater  application  frequencies  on  Number  of  Cycles  to 

Failure  (Nf) . 34 

10.  Effective  Stress  (oeff)  vs.  Number  of  Cycles  to  Failure  (Nf)  for  seawater  and  dry 

conditions . 35 

11.  Foad  illustration . 36 

12.  Effective  Stress  (oeff)  vs.  Q/P  ratio  for  seawater  and  dry  conditions . 37 

13.  BSE  SEM  photograph  of  fracture  surface  exposed  to  seawater  at 

Oeff=418.0  MPa  before  cleaning . 38 

14.  SEM  photograph  of  fracture  surface  exposed  to  dry  conditions  at 

aeff=535.5  MPa  before  cleaning . 39 

15.  EDS  broad  scan  of  the  fracture  surface  of  a  specimen  exposed  to  seawater  before 

cleaning . 40 

16.  EDS  broad  scan  of  the  fracture  surface  of  a  specimen  exposed  to  dry  conditions 

before  cleaning . 41 

viii 


Page 


17.  SEM  photograph  of  magnified  debris  from  speeimen  exposed  to  seawater 

conditions  before  cleaning . 42 

18.  SEM  photograph  of  magnified  debris  from  specimen  exposed  to  dry 

conditions  before  cleaning . 43 

19.  Magnified  EDS  scan  of  titanium  debris  formed  under  seawater  conditions 

before  cleaning . 44 

20.  Magnified  EDS  scan  of  “seawater”  debris  formed  under  seawater  conditions 

before  cleaning . 45 

21.  Magnified  EDS  scan  of  debris  formed  under  dry  conditions  before  cleaning . 46 

22.  BSE  SEM  photograph  of  fracture  surface  exposed  to  seawater  conditions  at 

Oeff=418.0  MPa  after  cleaning . 47 

23.  BSE  SEM  photograph  of  fracture  surface  exposed  to  dry  conditions  at 

aeff=535.5MPa  after  cleaning . 48 

24.  EDS  broad  scan  of  the  fracture  surface  of  a  specimen  exposed  to  seawater 

conditions  after  cleaning . 49 

25.  EDS  broad  scan  of  the  fracture  surface  of  a  specimen  exposed  to  dry  conditions 

after  cleaning . 50 

26.  Magnified  BSE  SEM  photograph  of  debris  formed  under  seawater  conditions 

after  cleaning . 51 

27.  Magnified  BSE  SEM  photograph  of  debris  formed  under  dry  conditions 

after  cleaning . 52 

28.  Magnified  EDS  scan  of  debris  formed  under  seawater  conditions  after  cleaning  ...  53 

29.  Magnified  EDS  scan  of  debris  formed  under  dry  conditions  after  cleaning . 54 

30.  Scar  profile  with  area  measured  from  Peak  A  to  Peak  B  for  Oeff  =409  MPa 

under  seawater  conditions . 55 

3 1 .  Scar  profile  with  area  measured  from  Peak  A  to  Peak  B  for  Oeff  =41 1  MPa 

under  dry  conditions . 56 


32.  Effective  Stress  (Oeff)  vs.  Scar  Volume  Estimates  for  seawater  and  dry  conditions  .  .57 


IX 


Page 


33.  SEM  photograph  of  fatigue  striations  in  speeimen  exposed  to  seawater 

eonditions  at  aeff=449.9  MPa . 58 

34.  SEM  photograph  of  fatigue  striations  in  speeimen  exposed  to  dry  eonditions 

at  aeff=43E4  MPa . 59 

35.  Effeetive  Stress  (oeff)  vs.  striation  estimates  for  seawater  and  dry  eonditions . 60 

36.  Cylindrieal  on  flat  configuration . 69 

37.  EEA  mesh  of  specimen,  pad,  and  rigid  body  constraint . 70 

38.  Normal  stress  in  the  x  direction  (oxx)  along  x-axis  at  the  contact  surface . 71 

39.  Eretting  fatigue  crack  initiation  at  trailing  edge  of  contact  in  specimen 

exposed  to  seawater  conditions  at  Oeff  =449.9  MPa . 72 

40.  Eretting  fatigue  crack  initiation  at  trailing  edge  of  contact  in  specimen  exposed 

to  dry  conditions  at  aeff=431.4  MPa . 73 

41.  MSSR  vs.  Number  of  Cycles  to  Eailure  (Nf)  for  seawater  and  dry  conditions . 74 


X 


List  of  Tables 


Table  Page 

1.  Experimental  Data . 61 

2.  Data  used  to  determine  sear  volume  at  15,000  eyeles . 62 

3.  Analytieal  Data . 75 


NOMENCLATURE 


a 

apEA 

aRuiz 

A 


A' 


B 

BSE 

b 

C 

D 

E 

EDS 

EEA 

k 

m 

MSSR 


Nf 


Q 

Qn 

Qn 


Contact  half-width 

Contact  half-width  determined  by  EEA 

Contact  half-width  determined  by  Ruiz  Solution 

Curve  fitting  parameter 

Composite  complianee 

Curve  fitting  parameter 

Back  scatter  emission 

Half  of  specimen  thickness 

Curve  fitting  parameter 

Curve  fitting  parameter 

Modulus  of  elastieity 

Energy  dispersive  speetroscopy 

Einite  element  analysis 

Radius  of  curvature 

Material  curve  fitting  parameter 

Modified  Shear  Stress  Range 

Number  of  cycles  to  failure 

Normal  load 

Tangential  load 

Maximum  tangential  load 

Minimum  tangential  load 


R 

Ri 

R2 

Rx 

SEM 

V 
W 

f^axial 

f^axial,max 

f^axial,min 

f^max 

f^min 

Oeff 

Oxx 

Ox 

Aa 

X 

^max 

AXcrit,eff 

V 


Axial  stress  ratio 
Radius  of  fretting  pad 
Radius  of  fretting  speeimen 
Shear  stress  ratio 
Seanning  eleetron  mieroscope 
Lower  applied  axial  load 
Upper  axial  load 
Axial  stress 
Maximum  axial  stress 
Minimum  axial  stress 
Maximim  applied  stress 
Minimum  applied  stress 
Effeetive  stress 

Normal  stress  in  the  x  direetion 
Surface  tangential  stress 
Change  in  applied  stress 
Shear  stress  in  the  x  y  plane 
Maximum  shear  stress  on  critical  plane 
Change  in  critical  effective  shear  stress 
Poisson’s  ratio 
Slip  at  interface 


xiii 


6 


FRETTING  FATIGUE  BEHAVIOR  OF  THE  TITANIUM  AEEOY 


TI-6AL-4V  UNDER  SEAWATER  CONDITIONS 

I,  INTRODUCTION 

Fretting  is  the  surfaee  damage  that  oecurs  when  two  eontaeting  surfaees  experienee 
an  oseillatory  motion  of  small  amplitude.  The  two  main  effects  of  fretting  are  an  increased 
production  of  debris  due  to  surface  wear  and  initiation  of  fatigue  cracks.  When  fretting 
occurs  under  cyclic  loading  conditions,  the  process  is  termed  fretting  fatigue.  Fretting 
fatigue  increases  the  tensile  and  shear  stresses  at  the  contact  surface  producing  surface 
defects  which  can  act  as  stress  concentration  sites.  Fretting  fatigue  cracks  can  nucleate  at 
these  sites  leading  to  an  overall  reduction  in  the  fatigue  strength  of  the  material.  The 
United  States  Air  Force  is  interested  in  the  process  of  fretting  fatigue  as  it  is  frequently 
encountered  in  several  aircraft  structural  components.  Fretting  fatigue  decreases  the 
structural  integrity  of  the  aircraft  and  engine  components  and  eventually  leads  to 
component  failure.  Component  failure  due  to  fretting  fatigue  is  characterized  by  four 
stages:  crack  nucleation,  crack  propagation  due  to  the  combination  of  contact  and  bulk 
stresses,  crack  propagation  due  to  bulk  stresses  only,  and  fracture  [1].  The  blade/disc 
dovetail  joint  in  turbine  engines  is  an  example  of  an  aircraft  component  whose  failure  is 
frequently  due  to  fretting  fatigue  (Figure  1). 

The  environment  in  which  fretting  occurs  can  greatly  influence  the  type  and  amount 
of  resultant  damage.  This  is  especially  true  in  a  corrosive  environment  where  fretting 
disrupts  surface  films  through  its  mechanical  and  chemical  actions  thereby  exposing  the 
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underlying  metal  to  the  eorrosive  agents.  Corrosion  and  its  effeet  on  aireraft  have  been  a 
eoneern  of  the  United  States  Air  Foree  for  many  years.  Programs  sueh  as  the 
Environmental  Severity  Index  [2]  have  been  developed  to  measure  the  eorrosion  severity  of 
the  environment  and  prediet  the  levels  of  eorrosion  damage  that  may  be  eneountered  within 
the  aireraft  fleet.  Many  factors  can  influence  corrosion  rates  at  individual  bases  including 
local  soil  chloride  content,  humidity,  pollutants,  and  coastal  proximity.  However, 
corrosion  is  a  concern  for  every  aircraft  regardless  of  its  home  base  as  each  can  be  exposed 
to  various  corrosive  environments  during  training  and  operational  assignments.  In  the 
Fiscal  Year  2001  (FYOl),  the  direct  maintenance  cost  of  corrosion  for  the  United  States  Air 
Force  was  approximately  $1.14  billion  [3]. 

The  effect  of  corrosion  varies  depending  on  the  type  of  material  being  evaluated. 
Titanium  alloys  are  common  materials  used  in  aerospace  applications  and  are  found  in 
aircraft  gas  turbine  engines  blades,  discs,  inlet  guide  vanes,  and  cases.  Additionally,  highly 
stressed  components,  such  as  forged  wing  structures  and  landing  gear  components,  are 
constructed  from  titanium  alloys.  Ti-6A1-4V  is  the  most  commonly  used  titanium  alloy 
within  the  aerospace  industry  as  it  exhibits  an  excellent  strength  to  weight  ratio,  high 
operational  temperatures,  and  corrosion  resistant  properties.  These  corrosion  resistant 
properties  are  due  to  the  protective  nature  of  the  oxide  film  on  the  surface  of  the  material. 
While  many  studies  have  evaluated  the  fretting  fatigue  behavior  of  Ti-6A1-4V  under 
laboratory  conditions,  few  studies  have  focused  on  the  fretting  fatigue  behavior  of  Ti-6A1- 
4V  in  a  corrosive  environment.  Yet  it  is  well  known  that,  when  subjected  to  fretting 
conditions,  the  surface  oxide  film  is  damaged  thereby  leading  to  a  reduction  in  corrosion 
resistance  [4,5, 6,7].  The  titanium  alloy  then  becomes  susceptible  to  both  the  fretting 


2 


degradation  mechanisms  and  the  corrosive  agents  in  the  environment.  In  an  effort  to 
evaluate  the  effect  of  seawater  exposure  on  aircraft,  this  study  will  investigate  the  fretting 
fatigue  behavior  of  Ti-6A1-4V  under  seawater  conditions. 

Due  to  the  complexity  of  aircraft  and  engine  geometries  and  loading  conditions,  it 
was  not  possible  to  replicate  these  conditions  in  an  experimental  configuration.  Therefore, 
simplified  geometry  and  loading  conditions  were  used  in  this  study  to  determine  the  effect 
of  seawater  on  fretting  fatigue  conditions.  Figure  2  shows  the  simplified  experimental 
configuration.  Lateral  springs  were  used  to  press  the  cylindrical  fretting  pads  against  the 
fretting  specimen  under  a  constant  normal  load.  A  servo-hydraulic  test  machine  was  used 
to  generate  an  axial  stress,  Oaxiai,  on  the  fretting  specimen.  This  stress  produced  a  tangential 
load,  Q,  which  was  dependant  on  the  lateral  spring  stiffness  and  coefficient  of  friction  at 
the  contact  surface. 

In  this  study,  the  normal  load  (1334  N)  and  the  cylindrical  pad  radius  (50.8  mm) 
were  held  constant.  The  applied  axial  loads  were  varied  to  evaluate  both  low  and  high 
cycle  fatigue  regimes.  These  fatigue  cycle  regimes  were  tested  under  laboratory  air  (dry) 
conditions  and  seawater  conditions.  The  seawater  condition  consisted  of  an  open  air 
system  that  applied  synthetic  seawater  onto  each  pad/specimen  contact  surface.  The 
seawater  was  applied  for  two  seconds  every  one  minute  resulting  in  an  application  rate  of 
approximately  five  ml  per  minute  to  each  side  of  the  specimen. 

Data  from  both  the  dry  and  seawater  conditions  were  collected  and  compared 
using  two  fatigue  parameters,  the  applied  (far  field)  stress  range  and  the  Modified  Shear 
Stress  Range  (MSSR)  parameter  [8,9].  The  axial,  transverse,  and  shear  stress 
distributions  along  the  contact  surface  used  to  evaluate  the  Modified  Shear  Stress  Range 
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fatigue  parameter  were  determined  by  finite  element  analysis.  The  MSSR  fatigue 
parameter  was  evaluated  to  determine  if  an  equivalenee  between  the  seawater  fretting 
fatigue  data  and  the  dry  fretting  fatigue  data  could  be  established  after  including  the 
effects  of  the  contact  conditions.  If  an  equivalence  could  be  established,  fretting  fatigue 
experiments  under  seawater  conditions  could  be  reduced  thereby  saving  both  time  and 
money. 
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Figure  1.  Blade/Disc  Dovetail  Joint  in  Turbine  Engine. 
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II.  BACKGROUND 


In  this  chapter,  the  meehanieal,  ehemieal  and  eleetroehemieal  meehanisms  involved 
in  fretting  fatigue  will  be  deseribed.  Variables  affeeting  fretting  fatigue  will  be  presented, 
and  previous  studies  regarding  the  effeet  of  the  environment  on  fretting  fatigue  will  be 
discussed.  Finally,  fatigue  parameters  used  in  this  study  will  be  mentioned. 

Mechanical  and  Chemical  Mechanisms  of  Fretting  Fatigue 

Initially,  fretting  damage  was  thought  to  be  a  result  of  the  meehanieal  action  of  two 
contacting  surfaces  subjeeted  to  cyelie  loading  eonditions.  It  is  now  widely  aeeepted  that 
both  meehanieal  and  chemical  mechanisms  are  responsible  for  fretting  damage.  The 
material’s  surfaee  film  is  disrupted  by  the  meehanieal  aetion  of  fretting  onee  eyelie  loading 
begins.  Conner  et  al.  [1:261]  described  the  disruption  as  follows:  plastic  deformation 
oeeurs  at  the  surfaee  in  asperity  tips  as  yield  stresses  are  exeeeded  loeally.  The  asperities 
are  welded  together  at  the  area  of  contaet,  become  brittle,  and  eventually  fraeture  from 
either  of  the  eontacting  bodies  due  to  the  fatiguing  action.  Surface  damage  then  oeeurs  due 
to  an  abrasive  action  of  the  metal  partiele  as  it  moves  between  the  two  surfaees.  This 
exposes  the  material’s  underlying  ehemieally  reaetive  sites  to  the  ehemieal  meehanism  of 
fretting.  Oxidation  oeeurs  on  the  exposed  surfaees  forming  oxide  films  whieh  are 
eontinuously  broken  up  by  the  meehanieal  aetion.  The  oxide  debris  piles  up  and  ean 
beeome  trapped  in  a  valley  between  two  contaeting  asperities.  Pits  are  formed  as  the 
aeeumulated  oxides  attempt  to  push  the  eontaeting  surfaees  apart.  The  pits  enlarge  as  the 
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mechanical  and  chemical  mechanisms  of  fretting  continue  to  produce  more  oxide  debris. 
These  pits  form  stress  concentration  sites  where  crack  nucleation  can  originate  [1,10]. 

Sankaran  et  al.  [11]  attempted  to  determine  the  effect  of  pitting  corrosion  on  the 
fatigue  of  7075-T6  Al.  They  found  that  pitting  corrosion  decreased  the  fatigue  life  by  a 
factor  of  about  6-8.  Additionally,  they  utilized  the  initial  flaw  size  of  the  pits  to  measure 
fatigue  life  and  found  that  fatigue  life  could  be  predicted  using  pits  of  average  dimension. 

Studies  have  shown  that  the  presence  of  oxide  debris  does  not  necessarily  result  in 
an  increase  in  fretting  fatigue  crack  growth  rates.  An  increase  in  the  amount  of  oxide 
debris  can  lead  to  an  increase  in  slip  or  displacement.  As  a  result,  the  fretting  fatigue 
condition  becomes  a  gross  slip  condition  thereby  creating  excessive  wear  [12]  which  can 
rub  away  embryonic  cracks  before  they  can  propagate  [1,13].  Takeuchi  et  al.  [14] 
suggested  that  the  accumulation  of  wear  particles  and  corrosion  products  within  cracks  may 
contribute  to  crack  closure  thus  retarding  fretting  fatigue  crack  growth.  Conner  et  al.  [1] 
made  a  similar  observation  noting  that  debris  may  fill  a  crack  resulting  in  crack  closure. 

The  debris  can  also  adhere  to  the  surface  acting  as  a  solid  lubricant  thereby  lowering  the 
coefficient  of  friction  and  reducing  the  stresses  at  the  surfaces  [15]. 

Environment  Assisted  Crack  Growth 

When  fatigue  occurs  in  a  corrosive  environment,  it  is  well  known  that 
electrochemical  reactions  occur  which  can  accelerate  crack  propagation.  These  reactions 
are  dependent  on  a  number  of  variables  including  temperature,  environment,  material  type, 
material  microstructure,  hydrogen  concentration,  and  yield  stresses  [16,17].  While  few 
studies  have  evaluated  these  electrochemical  mechanisms  under  fretting  fatigue  conditions. 
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these  meehanisms  have  been  widely  investigated  in  the  propagation  of  fatigue  eraeks. 
Several  atomie  elements  have  been  suggested  as  playing  a  role  in  these  reaetions.  Baeh  et 
al.  [18]  showed  that  crack  propagation  in  Ti-6A1-4V  was  highly  sensitive  to  external  and 
internal  oxygen  concentrations.  Chlorine  has  also  been  suggested  as  enhancing  crack 
growth  of  Ti-6A1-4V  in  an  aqueous  NaCl  environment  [6].  Much  attention  has  been  given 
to  the  effect  of  hydrogen  in  crack  propagation.  In  many  metals,  including  titanium  and  its 
alloys,  hydrogen  has  been  suggested  as  being  at  least  partially  responsible  for  increasing 
propagation  of  the  crack  tip  [16,19,20].  When  a  metal  comes  into  contact  with  an 
environment  containing  hydrogen,  hydrogen  can  be  absorbed  by  the  metal.  During  the 
electrochemical  reaction,  hydrogen  atoms  dissociate  from  the  environment  and  diffuse 
through  the  surface  area  of  the  metal.  The  hydrogen  atoms  then  recombine  into  molecular 
hydrogen  and  concentrate  in  regions  of  high  triaxial  stress  such  as  the  region  in  front  of  the 
crack  tip.  The  exact  mechanisms  of  hydrogen  induced  cracking  (aka  hydrogen 
embrittlement)  are  not  clearly  understood  although  several  mechanisms  have  been 
suggested  [17,21].  The  pressure  expansion  mechanism  occurs  as  hydrogen  collects  in  front 
of  the  crack  tip  thereby  creating  higher  pressure  and  allowing  cracks  to  spread.  The 
decohesion  mechanism  occurs  as  hydrogen  concentrates  locally  on  internal  surface  cracks 
and  voids.  The  surface  energy  is  lowered  and  chemical  bonds  weaken,  thus  promoting 
hydrogen  induced  cracking.  The  hydrogen  enhanced  local  plasticity  (HELP)  mechanism 
suggests  that  hydrogen  enhances  the  localized  plasticity  at  the  crack  tip.  This  plasticity 
allows  dislocation  motion  and  slip  displacement  to  increase  thereby  allowing  the  growth 
and  coalescence  of  voids.  Although  plastic  deformation  is  associated  with  ductile 
fractures,  due  to  the  highly  localized  nature  of  the  failure,  the  surface  will  resemble  a  brittle 
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fracture.  It  has  been  suggested  that  hydrogen  indueed  eraeking  oecurs  in  titanium  by 
means  of  the  HELP  meehanism  [17].  However,  hydrogen  related  phase  ehanges  have  also 
been  suggested  as  the  meehanism  behind  hydrogen  indueed  eraeking  in  titanium  and  its 
alloys  [16,22].  Hydrides  form  a  brittle  phase  thereby  deereasing  the  overall  duetility  of  the 
alloy  and  inereasing  eraek  growth. 

A  material’s  suseeptibility  to  hydrogen  indueed  eraeking  is  dependent  on  its 
mierostrueture.  It  has  been  shown  the  hexagonal  elosed  paeked  a  phase  and  the  a  +  P 
phase  of  titanium  are  more  suseeptible  to  hydrogen  indueed  eraeking  than  the  body  eenter 
cubie  P  phase  [16,22,23].  It  has  also  been  reported  that  in  titanium,  eraek  initiation  sites 
oecur  at  the  a-P  interfaees  when  exposed  to  hydrogen  [19,24]. 

Baehe  and  Evans  [25]  showed  that  the  effeet  of  3.5%  NaCl  on  fatigue  eraek  growth 
of  Ti-6A1-4V  varied  based  on  the  mierostrueture  of  the  material.  They  found  that  mill 
annealed  and  bimodal  mierostruetures  were  relatively  insensitive  to  the  saline  environment. 
However,  a  relatively  eoarse  lamellar  mierostrueture  was  more  suseeptible  to  the  saline 
solution  and  sustained  inereased  eraek  growth. 

Variables  Affecting  Fretting  Fatigue 

It  is  well  known  that  there  are  many  variables  whieh  ean  influenee  fatigue  life  under 
fretting  eonditions.  In  1972,  Waterhouse  [26:106]  elassified  these  variables  into  three 
eategories:  meehanieal,  physieal,  and  environmental.  Meehanieal  variables  inelude  normal 
load,  amplitude  of  slip,  frequeney,  and  number  of  cyeles.  Temperature,  relative  hardness 
of  the  surfaees,  and  surfaee  finish  are  all  physieal  variables.  Atmospherie  eomposition, 
humidity,  and  liquid  lubrieants  are  all  environmental  variables  which  can  influence  the 
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chemical  process  involved  in  fretting  fatigue.  Continued  research  has  uncovered  many 
more  variables  whieh  can  affect  fretting  fatigue  ineluding  rate  of  oxidation,  surfaee 
roughness,  eoeffieient  of  friction,  chloride  ions,  amount  of  oxygen  and  hydrogen,  type  of 
sample  material,  and  the  microstrueture  of  the  material  [7,10,27,28,29,30].  Not  only  does 
eaeh  individual  variable  affect  the  fretting  fatigue  process,  but  the  variables  often  influence 
one  another.  In  fact,  the  fretting  process  itself  has  been  shown  to  influenee  these  variables. 

Environmental  Fretting  Fatigue 

Previous  studies  have  shown  that  the  environment  can  greatly  affect  the 
meehanisms  of  fretting  by  either  extending  the  fretting  fatigue  life  or  shortening  it.  Poon 
and  Hoeppner  [10]  evaluated  the  fretting  fatigue  of  an  aluminum  alloy  in  a  vacuum  and  in 
air.  They  reported  the  fretting  fatigue  life  was  10  to  20  times  longer  in  the  vacuum  than  in 
air.  Both  mechanical  and  chemical  factors  were  present  in  air  whereas  only  mechanieal 
factors  were  present  in  the  vacuum.  After  investigating  the  specimens  under  a  scanning 
electron  microscope,  it  was  noted  that  corrosion  pits  were  not  present  in  the  7075-T6  A1 
alloy  tested  under  vaeuum  eonditions.  Some  wear  tracks  were  present  due  to  the 
mechanical  action  of  the  work  hardened  metal  particles,  but  they  were  shallower  and  less 
defined  than  in  air.  Additionally,  the  loose  particles  were  re-welded  to  the  surface  in  the 
vacuum.  It  was  concluded  that  the  ehemical  factor  of  fretting  was  primarily  responsible  for 
the  reduced  fretting  fatigue  life  in  air. 

Endo  and  Goto  [31]  evaluated  the  effects  of  humidity  and  oxygen  on  fretting  fatigue 
of  a  carbon  steel  and  aluminum  alloy.  They  found  that  the  environmental  effect  on  fretting 
fatigue  was  dependent  on  the  type  of  material  being  evaluated.  Oxygen  had  little  effect  on 
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the  aluminum  alloy  but  increased  the  initiation  and  propagation  of  fretting  fatigue  cracks  in 
carbon  steel.  Water  vapor,  on  the  other  hand,  had  little  effect  on  the  carbon  steel  but 
increased  the  rate  of  fretting  fatigue  crack  initiation  and  propagation  in  the  aluminum  alloy. 
Additionally,  they  found  that  the  environment  was  more  influential  than  the  mechanical 
action  of  fretting  fatigue  on  crack  growth.  The  fretting  fatigue  crack  rate  of  the  carbon 
steel  was  considerably  slower  in  argon  than  in  room  air.  Both  the  crack  initiation  and 
propagation  of  the  aluminum  alloys  were  significantly  lower  in  dry  air  than  in  room  air. 

Research  on  the  effect  of  seawater  on  the  fretting  fatigue  life  of  a  material  has  been 
inconsistent.  The  overall  effect  on  crack  nucleation  and  propagation  depends  on  the 
scenario  and  conditions  involved.  Some  investigations  have  shown  that  seawater  can 
increase  the  fretting  fatigue  life  due  to  its  lubricating  effects.  Others  have  shown  that 
seawater  has  a  detrimental  effect  on  fretting  fatigue  life  due  to  its  corrosive  nature. 
Takeuchi  et  al.  [14]  measured  the  fretting  fatigue  life  of  stainless  steel  in  seawater  and 
found  that  at  higher  stress  amplitudes,  fretting  fatigue  life  was  longer  in  seawater  than  in 
air.  Four  possible  rationales  for  this  finding  were  given.  First,  the  corrosion  products  and 
wear  particles  produced  a  lower  coefficient  of  friction.  Second,  the  stress  concentration 
was  reduced  at  the  crack  tip  due  to  the  formation  of  multiple  cracks  in  seawater.  Third, 
seawater  provided  a  significant  cooling  effect  at  increased  stress  levels.  Finally,  the 
accumulation  of  debris  in  the  cracks  may  have  contributed  to  an  increase  in  crack  closure 
thereby  lowering  the  fatigue  crack  growth  rate. 

Sato  et  al.  [28]  compared  the  effects  of  fretting  on  stainless  steel  in  air,  de-ionized 
water,  3.07%  NaCl  solution,  synthetic  seawater,  and  natural  seawater.  They  found  that  the 
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corrosion  products  produced  in  synthetic  and  natural  seawater  served  as  a  lubrieant  thereby 
providing  proteetion  against  fretting  damage  at  large  amplitudes. 

Takeuehi  et  al.  [32]  investigated  the  eleetroehemieal  effeets  of  seawater  on  fretting 
fatigue  eraek  growth  of  high  tensile  roping  steel.  They  found  that  eleetroohemieal  effeets 
have  a  signifieant  influenee  on  the  fretting  fatigue  failure  meehanism.  However,  if  the 
eleetroehemieal  effeets  were  removed  through  the  proeess  of  eathodie  proteetion,  fretting 
fatigue  life  in  seawater  was  improved. 

Priee  and  Taylor  [33]  examined  eorrosion  fatigue  and  fretting  fatigue  of  a  high 
strength,  low  alloy  steel  in  seawater.  They  found  that  eorrosion  fatigue  deereased  the 
fatigue  life  by  60%  eompared  to  air.  Fretting  in  a  seawater  environment  resulted  in  another 
24%  reduetion  in  fatigue  life.  However,  when  the  eleetroehemieal  faetor  was  removed  by 
eathodie  proteetion,  they  were  able  to  restore  fretting  fatigue  life  in  seawater  to  a  level 
eomparable  to  that  in  air. 

Taylor  [27:384]  reported  in  his  overview  paper  that  while  many  more  eraeks  initiate 
in  seawater  than  in  air,  a  slower  eraek  growth  rate  oeeurs  at  longer  eraek  lengths  as  the 
eraek  is  no  longer  influeneed  by  fretting.  This  is  beeause  closely  spaeed  eraeks  reduee  the 
stress  intensity  faetor  for  an  individual  eraek.  Antoniou  and  Radtke  [34:238] 
aeknowledged  a  similar  effeet  ealling  it  a  shielding  on  propagation.  They  found  that  the 
eraek  propagation  rate  eould  be  affeeted  by  the  presenee  of  debris  partieles  within  the 
eraek,  the  surfaee  frietion  forees  between  the  pad  and  the  speeimen,  and  the  presenee  of 
multiple  eraeks  whieh  shield  eaeh  other  from  far  field  stresses. 

The  effeet  of  the  environment  on  the  fretting  fatigue  life  of  titanium  and  its  alloys 
has  reeeived  little  attention.  However,  titanium  and  its  alloys  are  often  used  in  applieations 
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where  they  are  subjeeted  to  harsh  environmental  conditions  as  they  are  coated  with  a 
corrosive  resistant  oxide  surface  film.  Although  corrosion  itself  does  not  significantly 
affect  the  fatigue  life  of  corrosion  resistant  materials,  fretting  in  a  corrosive  environment 
has  been  shown  to  reduce  fatigue  life  as  the  protective  oxide  surface  film  is  continuously 
ruptured  [4], 

Molinari  et  al.  [35:105]  noted  that  titanium  and  its  alloys  have  poor  wear  properties 
and  attributed  this  to  two  main  factors.  First,  low  resistance  to  plastic  shearing  and  low 
work  hardening  provides  weak  counteraction  to  the  mechanical  properties  of  wear. 

Second,  the  surface  oxide  provides  little  protection  since  it  is  easily  removed.  Alam  and 
Haseeb  [5]  observed  that  the  poor  wear  properties  of  Ti-6A1-V4  were  due  to  its  inability  to 
retain  its  protective  oxide  layer.  They  found  that  the  oxides  consisted  of  Ti02  and  AI2O3, 
and  since  these  oxides  are  not  soluble  in  each  other,  the  resulting  scale  was  not  very 
protective. 

Waterhouse  and  Dutta  [4]  investigated  the  effect  of  fretting  fatigue  on  titanium  and 
its  alloys  in  a  corrosive  environment.  They  found  that  a  1%  NaCl  solution  was  more 
detrimental  than  air  on  fretting  fatigue  strength.  However,  the  detriment  was  dominant  at 
higher  alternating  stresses  versus  lower  stresses.  In  fact,  the  1%  NaCl  solution  improved 
the  fretting  fatigue  life  at  lower  stresses  for  Ti-6A1-4V. 

Wharton  and  Waterhouse  [15]  performed  fretting  fatigue  tests  on  Ti-6A1-4V  under 
various  corrosive  and  non-corrosive  environments.  Plots  on  the  typical  S-N  curve  showed 
that  the  corrosive  environments  were  more  detrimental  to  the  fretting  fatigue  life  at  higher 
stress,  but  they  extended  the  fretting  fatigue  life  at  lower  stresses.  They  suggested  two 
possible  roles  the  environment  plays  in  fretting  fatigue.  First,  it  results  in  the  formation  of 
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corrosion  products.  These  eorrosion  produets  ean  either  adhere  to  the  surfaee  aeting  as  a 
solid  lubrieant  and  lowering  the  eoeffieient  of  frietion  or  not  adhere  and  eontribute  to 
fretting  wear  on  the  surfaee.  Seeond,  the  environment  ean  influenee  eraek  initiation  and 
propagation.  Based  on  S-N  eurves  and  investigation  of  the  speeimens,  it  was  hypothesized 
that  at  higher  stresses,  the  main  effeet  of  the  environment  was  to  inerease  the  eraek 
propagation  rate  thus  deereasing  the  fretting  fatigue  life.  At  the  lower  stresses,  the 
proteetive  aetion  provided  by  the  eorrosive  debris  resulted  in  a  deereased  initiation  of 
fretting  fatigue  eraeks  thus  improving  the  fretting  fatigue  life. 

Saritas  et  al.  [36]  reported  that  the  eoeffieient  of  frietion  of  Ti-6A1-4V  was  lower  in 
seawater  than  in  air.  They  found  that  the  eoeffieient  of  frietion  alternated  between  high  and 
low  values  during  the  later  stages  of  fretting  as  debris  was  periodieally  washed  away  by  the 
seawater.  Although  the  eoeffieient  of  frietion  was  lower  in  seawater  than  in  air,  the  amount 
of  fretting  sear  was  three  times  greater  in  seawater  than  in  air.  They  suggested  that  the 
inerease  in  sear  volume  was  due  to  the  abrasive  wear  produeed  by  eorrosion  produets  as 
well  as  the  eorrosive  nature  of  the  seawater  itself  Jiang  et  al.  [37]  noted  that  the  presenee 
of  a  eorrosive  solution  eonsiderably  aeeelerated  wear  by  inereasing  the  quantity  of  potential 
eraek  initiation  sites  and  inereasing  the  miero-eraek  propagation  rate. 

Hoeppner  et  al.  [6]  evaluated  the  fretting  fatigue  of  Ti-6A1-4V  in  laboratory  air, 
distilled  water,  and  3.5%  NaCl  solution.  They  found  that  regardless  of  the  stress  level,  a 
greater  reduetion  of  fretting  fatigue  life  was  found  in  the  3.5%  NaCl  solution  than  in 
distilled  water  or  air. 
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Fatigue  Parameters 

In  order  to  prevent  eomponent  failure,  it  is  neeessary  to  deteet  fatigue  eraek 
nueleation  and  propagation  under  fretting  conditions.  However,  this  is  difficult  to 
accomplish  when  components  are  in  service.  For  this  reason,  numerous  fatigue  parameters 
have  been  developed  to  predict  fatigue  life  under  various  conditions  (including  fretting). 
The  majority  of  these  parameters  can  be  categorized  into  two  groups:  equivalent  stress 
models  and  critical  plane  models.  Equivalent  stress  models  often  necessitate  the 
determination  of  the  mean  stress  which  is  used  with  the  uniaxial  stress  life  data  to  predict 
fatigue  life.  The  problem  with  this  type  of  approach  is  that  the  mean  stress  is  difficult  to 
define  within  a  multiaxial  stress  state.  The  critical  plane  models  are  based  on  the 
observation  that  cracks  nucleate  on  a  critical  plane.  These  approaches  consider  crack 
nueleation  to  be  a  result  of  the  combination  of  normal  and  shear  stresses  that  occur  on  a 
critical  plane.  The  normal  stress  is  hypothesized  to  open  the  crack  and  reduce  the  friction 
between  the  crack  surfaces  while  the  shear  stress  causes  crack  nueleation  and  growth  due  to 
dislocation  movement  along  slip  lines.  An  advantage  of  critical  plane  models  is  that  they 
predict  the  orientation  of  the  crack  and  have  the  potential  to  estimate  crack  size  [8,9]. 

Two  fatigue  parameters  will  be  evaluated  in  this  study.  The  first  parameter  predicts 
fretting  fatigue  life  based  on  the  applied  (far  field)  stress  and  takes  into  consideration  the 
stress  ratio  effect  on  fatigue  life.  This  parameter,  based  on  a  method  suggested  by  Walker 
[38]  and  employed  by  Lykins  et  al.  [39]  for  Ti-6A1-4V,  is  expressed  by  the  equation: 

aeff=  amax(l-R)”  (1) 
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where  Oeff  is  the  effeetive  stress  taking  into  aeeount  the  stress  ratios,  Omax  is  the  maximum 
applied  stress,  m  is  a  eurve  fitting  parameter  determined  to  be  0.45  for  Ti-6A1-4V  by 
Lykins  et  al.  [39],  and  R  is  the  stress  ratio: 

Q  ^ajcia/, min  /OX 

K  = -  (Z) 

^  axial , max 

where  aaxiai,min  is  the  minimum  axial  stress  and  aaxiai,max  is  the  maximum  axial  stress  based 
on  the  far  field  loading.  This  parameter  has  been  shown  to  be  effeetive  at  predieting 
fretting  fatigue  life  for  eertain  pad  geometries  [8,9].  Additionally,  it  has  been  shown  to 
be  effeetive  at  estimating  the  fretting  fatigue  life  of  Ti-6A1-4V  under  elevated 
temperatures  as  well  as  shot  peening  eonditions  [40,41]. 

The  second  parameter  that  will  be  evaluated  in  this  study  is  the  Modified  Shear 
Stress  Range  (MSSR)  parameter.  This  multiaxial  parameter  is  based  on  critical  plane 
models  and  therefore  accounts  for  the  observation  that  cracks  nucleate  on  critical  planes 
as  a  result  of  both  normal  and  shear  stresses.  The  MSSR  is  expressed  as: 

MSSR=A*Ax^cnt,eff  +  C*a°„,ax  (3) 

where  Axcrit.eff^'CmaxCl-Rx)™  [8,38],  Xmax  is  the  maximum  shear  stress  on  the  critical  plane, 
Rx  is  the  shear  stress  ratio  on  the  critical  plane,  m  is  a  curve  fitting  parameter  determined 
to  be  0.45  for  Ti-6A1-4V  [39],  Omax  is  the  maximum  applied  stress,  and  A,  B,  C,  D  are 
curve  fitting  parameters  determined  to  be  0.75,  0.5,  0.75,  and  0.5  respectively  for  Ti-6A1- 
4V  by  Namjoshi  et  al.  [8].  The  first  term  takes  into  account  the  mean  shear  stress  ratio 
effect  while  the  second  term  incorporates  the  maximum  normal  stress  on  the  critical 
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plane.  In  the  case  of  Ti-6A1-4V,  the  MSSR  has  been  found  to  be  effective  at  predicting 
fretting  fatigue  life  from  plain  fatigue  life  data  in  conjunction  with  an  analysis. 
Additionally,  the  MSSR  has  effectively  predicted  both  location  and  orientation  of  fretting 
fatigue  crack  initiation  in  Ti-6A1-4V  [8].  Similar  to  the  applied  stress  range  parameter, 
the  MSSR  has  been  proven  robust  enough  to  be  used  with  various  pad  geometries  and 
under  various  conditions  [40,41,42]. 
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Ill,  Experimental  Studies 


The  experimental  setup  and  results  are  presented  in  this  ehapter.  Topics  include  the 
fretting  fatigue  test  configuration,  Q/P  ratio  determination,  fracture  surface  debris 
identification,  fretting  fatigue  striation  measurements,  and  scar  volume  estimations. 
Additionally,  a  comparison  is  made  between  seawater  and  dry  fretting  fatigue  life  data. 

Fretting  Fatigue  Experimental  Configuration 

The  fretting  fatigue  tests  were  performed  under  laboratory  conditions  at  room 
temperature  on  a  22.2  kN  servo-hydraulic  load  frame  [43]  mounted  with  a  rigid  fretting 
fixture  (Figures  3  and  4).  The  laboratory  humidity  ranged  from  20-65%  throughout  the 
experiments.  Two  cylindrical  fretting  pads,  each  with  a  radius  of  50.8  mm,  were  held 
against  each  side  of  the  fretting  specimen  via  the  fretting  fixture.  Both  the  fretting  pads 
and  specimens  were  machined  from  Ti-6A1-4V  forged  plates  using  the  wire  electrical 
discharge  method.  The  plates  were  received  after  being  preheated  and  solution  treated  at 
935°C  for  105  minutes,  cooled  under  flowing  air,  vacuum  annealed  at  705°C  for  120 
minutes,  and  cooled  under  flowing  argon.  The  resulting  microstructure  consisted  of  60% 
hexagonal  closed  pack  a  phase  and  40%  body  center  cubic  a  platelets  in  a  P  matrix  phase. 
The  grain  size  was  approximately  10pm.  The  dimensions  of  the  dog  bone  shaped  Ti-6A1- 
4V  specimen  were  as  follows:  specimen  thickness  of  3.86  mm,  specimen  width  of  6.35 
mm,  cross  sectional  area  of  24.5 1 1  mm  .  The  specimen  and  pads  are  shown  in  Figure  5. 
Once  the  pads  were  aligned  with  the  specimen,  the  normal  load  was  applied.  Four  lateral 
springs,  two  on  each  side  of  the  specimen,  maintained  contact  of  the  pads  and  specimen 
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under  a  constant  normal  load  of  1334  N.  This  value  was  chosen  in  order  to  maintain  the 


maximum  stress  in  the  x-direction  below  the  yield  stress  of  the  fretting  specimen.  Two 
load  cells,  one  on  each  side  of  the  specimen,  were  used  to  measure  the  normal  load.  A 
load  cell,  attached  to  the  servo-hydraulic  load  frame  above  the  specimen,  measured  the 
axial  load  above  the  pads.  A  lightweight  pressure  transducer  was  used  to  measure  the 
axial  load  at  the  bottom  of  the  specimen.  This  system  allowed  the  user  to  vary  the  axial 
load  by  controlling  the  displacement  in  the  axial  direction.  The  displacement  was  applied 
in  the  axial  direction  at  constant  amplitude  of  5  Hz  to  allow  the  specimen  to  be 
adequately  exposed  to  the  environmental  conditions.  The  tangential  load  was  a  function 
of  the  axial  load  and  the  resistance  from  the  pads  caused  by  the  lateral  springs.  The 
control  system  of  the  test  equipment  maintained  the  frequency  and  the  amplitude  of  the 
applied  axial  displacement  constant  during  the  duration  of  the  test.  The  fretting  fatigue 
tests  for  both  dry  and  seawater  conditions  were  conducted  over  a  wide  range  of  axial 
stresses  from  amax=  383  to  760  MPa,  with  stress  ratios,  R,  ranging  from  0.03  to  0.54. 

A  1.59  mm  inner  diameter  Tygon®  flexible  plastic  tube  fitted  with  a  simple 
Economatic  drain  valve  was  inserted  into  a  plastic  water  bottle  containing  ASTM  D  1 141 
synthetic  seawater.  The  590  mL  bottle  was  positioned  above  the  servo-hydraulic  load 
frame.  The  drain  valve,  located  1 . 1  meters  below  the  bottle,  allowed  the  user  to  vary  and 
control  the  frequency  and  duration  of  the  seawater  application.  Below  the  drain  valve,  a 
copper  tee  fitting  was  attached  to  the  end  of  the  plastic  tubing.  Two  additional  Tygon® 
flexible  plastic  tubes,  each  with  a  1.59  mm  inner  diameter,  were  attached  onto  the  tee 
fitting  as  shown  in  the  schematic  Figure  6.  The  plastic  tubes  were  then  attached  to  each 
side  of  the  specimen  above  the  fretting  pads  using  transparent  tape.  Once  the  drain  valve 
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was  opened,  seawater  dripped  onto  eaeh  side  of  the  speeimen.  Sinee  this  was  not  an 
enelosed  setup,  the  equipment  below  the  speeimen  was  proteeted  against  the  exeess 
seawater  that  flowed  over  the  speeimen.  Kimwipes,  size  EX-L,  were  wrapped  around  the 
bottom  speeimen  grip  and  pressure  transdueer  and  attaehed  with  transparent  tape.  Plastie 
Wrap  was  then  plaeed  over  the  Kimwipes  and  seeured  in  plaee  with  transparent  tape. 
Additionally,  40.64  em  by  50.8  em  Pig®  Universal  absorption  pads  were  layered  below 
the  bottom  speeimen  grip  and  pressure  transdueer  for  additional  proteetion.  If  a  drip  was 
deteeted  away  from  the  speeimen,  plastie  eontainers  were  positioned  to  eolleet  the  exeess 
seawater. 

A  total  of  thirteen  fretting  fatigue  tests  were  eondueted,  seven  under  seawater 
eonditions  and  six  under  dry  eonditions.  All  fretting  fatigue  tests  were  started  under  dry 
eonditions  to  allow  for  adjustment  of  the  axial  load  and  to  ensure  fretting  eonditions  were 
oeeurring.  Fretting  eonditions  were  determined  using  the  hysterises  loop  between 
tangential  foree  and  displaeement.  Figure  7  shows  a  typieal  hysterises  loop.  The  initial 
applieation  of  seawater  oeeurred  between  2,000  and  3,000  eyeles.  The  seawater  was 
applied  for  two  seeonds  every  one  minute.  This  resulted  in  an  applieation  rate  of 
approximately  five  ml  per  minute  to  eaeh  side  of  the  speeimen.  Figure  8  shows  the  effeet 
of  the  various  amounts  of  seawater  applied  to  the  speeimen  in  terms  of  effeetive  stress 
amplitude,  Oeff,  versus  number  of  eyeles  to  failure,  Nf,  while  Figure  9  illustrates  the  effeet 
of  various  seawater  applieation  frequeneies  on  the  number  of  eyeles  to  failure.  It  was 
determined  that  as  long  as  the  speeimen  surfaee  was  wet,  regardless  of  frequeney  of 
applieation  or  amount  applied,  an  environmental  effeet  would  oeeur  as  the  seawater 
temporarily  pooled  at  the  eontaet  surfaee  between  the  pads  and  the  speeimen  after 
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application.  It  was  observed  that  once  the  seawater  was  applied,  the  tangential  load 
remained  constant  as  gross  slip  did  not  occur  during  seawater  application. 

Table  1  provides  a  complete  summary  of  the  experimental  data  for  both  dry  and 
seawater  fretting  fatigue  conditions.  Figure  10  shows  both  the  seawater  and  dry  fretting 
fatigue  data  expressed  as  the  effective  stress  amplitude,  Oeff,  versus  the  number  of  cyeles 
to  failure,  Nf.  The  effective  stress  amplitude  was  found  using  equations  (1)  and  (2).  As 
evident  from  the  figure,  seawater  fretting  fatigue  conditions  were  more  detrimental  on  the 
fretting  fatigue  life  of  Ti-6A1-4V  than  dry  fretting  fatigue  conditions  at  the  higher  stress 
levels.  However,  at  the  lower  stress  levels,  seawater  fretting  fatigue  conditions  slightly 
improved  the  fretting  fatigue  life  of  Ti-6A1-4V. 


Load  Determination 

In  order  to  perform  finite  element  analysis  (FEA)  in  chapter  four,  the  axial  and 
tangential  loads  must  be  determined  as  each  represents  input  data  for  FEA.  As 
previously  mentioned,  a  load  eell  was  attaehed  to  the  servo-hydraulic  load  frame  above 
the  speeimen  to  monitor  the  axial  load.  The  tangential  load  can  be  determined  by  the 
equation: 


Q  = 


v-w 

2 


(4) 


where  Q  is  the  tangential  load  on  each  side  of  the  speeimen,  V  is  the  axial  load  applied  in 
the  down  direetion  upon  the  speeimen,  and  W  is  the  upper  axial  load.  Eigure  1 1  shows  a 
load  illustration. 
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0/p  Ratio 

The  Q/P  ratio  was  determined  by  dividing  the  tangential  force,  Q,  by  the  normal 
load,  P.  The  tangential  load  was  found  using  equation  (4)  while  the  normal  load 
remained  constant  at  1334  N  throughout  the  duration  of  each  test.  The  Q/P  ratio  was 
considered  the  lower  boundary  of  the  coefficient  of  friction  between  the  fretting  specimen 
and  pads.  The  Q/P  ratio  determined  from  each  test  was  used  as  the  coefficient  of  friction 
input  data  for  finite  element  analysis,  FEA,  in  chapter  four.  The  coefficient  of  friction 
has  been  shown  in  previous  studies  [14]  to  increase  once  cycling  of  the  specimen  begins. 
However,  Namjoshi  et  al.  [8]  found  that  the  coefficient  of  friction  reached  a  constant 
value  after  approximately  1,000  to  2,000  cycles.  In  this  study,  the  specimen  underwent 
approximately  5,000  cycles  before  the  Q/P  ratio  was  determined  (i.e.,  2,000-3,000  cycles 
before  water  was  added  and  2,000  cycles  after  water  was  added).  Figure  12  shows  the 
seawater  and  fretting  fatigue  data  expressed  as  effective  stress  amplitude,  Oeff,  versus  the 
Q/P  ratio.  In  both  conditions,  the  Q/P  ratio  increased  with  an  increasing  applied  stress. 
Figure  12  suggests  that  the  Q/P  ratio,  based  on  a  least  squares  fit  to  data  with  a  large 
amount  of  scatter,  was  slightly  lower  in  seawater  conditions  than  in  dry  conditions; 
however,  the  difference  between  the  two  conditions  was  negligible. 

Fracture  Surface  Debris 

Once  the  specimens  fractured,  they  were  examined  under  a  scanning  electron 
microscope,  SEM  [44].  Figure  13  shows  a  typical  back  scatter  emission  (BSE)  SEM 
photograph  of  a  specimen  exposed  to  seawater  conditions  whereas  Figure  14  shows  a 
typical  BSE  SEM  photograph  of  a  specimen  exposed  to  dry  conditions.  Appendix  A 
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contains  two  additional  BSE  SEM  photographs  of  specimen  exposed  to  seawater 
conditions.  As  evident  from  Eigure  13,  large  partieles  were  densely  loeated  in  the  area  of 
the  craek  initiation  in  the  seawater  samples.  However,  the  dry  samples  showed  scattered 
debris  particles  in  the  area  of  erack  initiation.  Energy  Dispersive  Spectroscopy  (EDS) 

[45]  was  utilized  in  order  to  determine  the  debris  composition  in  both  the  dry  fretting 
fatigue  and  seawater  fretting  fatigue  studies.  Eigure  15  shows  an  EDS  broad  scan  of  the 
surfaee  area  of  a  fraetured  speeimen  exposed  to  seawater  whereas  Eigure  16  shows  that  of 
a  specimen  exposed  to  dry  conditions.  Debris  particles  were  identified  through  surface 
magnifieation  using  SEM  as  shown  in  Eigures  17  and  18,  and  EDS  seans  were  performed 
on  these  debris  particles.  Based  on  these  magnified  scans,  two  primary  types  of  debris 
were  identified:  that  composed  primarily  of  titanium  and  that  composed  primarily  of  salt 
and  other  elements.  Eigure  19  shows  a  magnified  EDS  scan  of  titanium  debris  formed 
under  seawater  eonditions.  Eigure  20  shows  a  magnified  EDS  scan  of  salt  and  other 
elements,  colleetively  termed  seawater  debris,  from  a  speeimen  exposed  to  seawater 
conditions.  A  magnified  EDS  sean  of  typical  debris  found  on  a  dry  fracture  surface, 
primarily  titanium  and  oxides,  is  shown  in  Eigure  21. 

After  the  specimens  were  examined  under  the  SEM  and  EDS,  they  were  cleaned 
by  way  of  a  three-step  proeess  involving  distilled  water,  aeetone,  and  ethanol.  A  flask 
containing  both  a  specimen  and  distilled  water  was  placed  in  a  sonicator  [46]  for  five 
minutes.  This  proeess  was  repeated  for  both  the  acetone  and  ethanol.  BSE  SEM 
photographs  were  taken  a  second  time  as  shown  in  Eigures  22  and  23.  EDS  data  was 
again  eolleeted  from  eaeh  speeimen.  Eigure  24  shows  an  EDS  broad  scan  of  the  surfaee 
area  of  a  fractured  speeimen  exposed  to  seawater  conditions  after  cleaning  whereas 
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Figure  25  shows  that  of  a  specimen  exposed  to  dry  conditions  after  cleaning.  There  was 
little  difference  noted  between  the  dry  and  seawater  specimens  after  cleaning  on  a  broad 
scale.  SEM  was  used  again  after  cleaning  to  magnify  the  remaining  debris  particles  as 
shown  in  Figure  26  and  27,  and  EDS  scans  were  performed  on  these  particles.  Figure  28 
shows  a  magnified  EDS  scan  of  debris  found  in  a  seawater  sample  after  cleaning  while 
Figure  29  shows  that  of  a  dry  sample  after  cleaning.  In  the  specimens  exposed  to 
seawater,  trace  amounts  of  seawater  elements  were  noted  after  cleaning,  but  the  primary 
debris  appeared  to  be  titanium  and  oxides.  The  debris  of  the  specimens  exposed  to  dry 
conditions  was  similar  to  the  debris  identified  prior  to  cleaning,  primarily  titanium  and 
oxides.  While  it  was  not  possible  to  determine  the  quantity  of  debris  present  on  each 
sample,  it  was  determined  that  more  elements  were  found  in  the  debris  of  specimens 
exposed  to  seawater  conditions  than  in  those  exposed  to  dry  conditions.  It  should  be 
noted  that  once  the  specimens  were  cleaned,  there  were  not  any  significant  distinguishing 
characteristics  visible  between  the  fracture  surfaces  of  the  two  conditions.  SEM 
photographs  of  the  fractured  surface  of  each  specimen  after  cleaning  can  be  found  in 
Appendix  B. 

Scar  Volume 

Scar  volume  is  the  amount  of  surface  material  removed  during  fretting.  In  order 
to  measure  scar  volume,  eight  tests,  four  under  seawater  conditions  and  four  under  dry 
conditions,  were  ran  at  various  effective  stresses,  Oeff,  for  15,000  cycles.  This  allowed  a 
scar  to  form  without  fracturing  the  specimen.  Appendix  C  contains  photographs  of  the 
scars.  Each  specimen  was  placed  under  an  Ultrascan  Profilometer  [47]  to  determine  the 
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scar  volume.  A  profile  was  taken  aeross  the  sear  whieh  was  then  plotted  in  two 
dimensions  using  the  x  and  z  data  provided  every  0.25  mm  by  the  Ultrasean  Profilameter. 
Figure  30  shows  a  typieal  soar  profile  in  terms  of  these  data  points  under  seawater 
oonditions  while  Figure  31  shows  a  typieal  soar  profile  under  dry  oonditions.  Sinoe  eaoh 
data  point  was  of  equal  length,  the  soar  area  was  found  using  Simpson’s  1/3  rule  [48]. 

The  soar  area  was  then  multiplied  by  the  speoimen  width  to  determine  the  soar  volume. 
Table  2  summarizes  the  experimental  oonditions  used  to  determine  the  soar  volume. 
Figure  32  shows  both  the  seawater  and  dry  fretting  fatigue  data  expressed  as  the  effeotive 
stress  amplitude,  Oeff,  versus  the  soar  volume.  In  both  oonditions,  the  fretting  soar  volume 
inoreased  as  the  applied  stress  inoreased.  Figure  32  suggests  that  a  oonsiderably  larger 
soar  volume  ooourred  under  seawater  fretting  fatigue  oonditions  than  under  dry 
oonditions. 

Fatigue  Striations 

Striations  on  the  fraoture  surfaoe  were  observed  under  the  SEM.  Near  the  fretting 
surfaoe,  the  striations  were  diffioult  to  see  due  to  the  shear  stresses  oaused  by  the  fretting 
pads.  However,  farther  away  from  the  oraok,  striations  were  more  visible.  The  number 
of  fatigue  striations  found  in  the  seawater  samples  was  compared  to  those  found  in  the 
dry  samples.  A  distanoe  of  two  millimeters  away  from  the  oontaot  surfaoe  and 
perpendioular  to  the  oraok  initiation  site  was  ohosen  to  identify,  oount,  and  measure  the 
number  of  striations  per  pm.  The  striations  in  a  speoimen  exposed  to  seawater  at  Oeff 
=449.9  MPa  is  shown  in  Figure  33  while  Figure  34  shows  striations  found  in  a  dry 
sample  at  Oeff  =43 1 .4  MPa.  There  were  more  olosely  spaoed  striations  in  the  dry  samples 
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than  in  the  seawater  samples.  Figure  35  presents  the  seawater  and  dry  fretting  fatigue 
data  expressed  as  effeetive  stress  amplitude,  Oeff,  versus  the  estimated  number  of 
striations  per  pm  for  eaeh  speeimen.  The  data  suggests  that  eraek  propagation  is  faster 
under  seawater  eonditions  than  dry  eonditions  at  this  distanee.  However,  the  differenee 
in  growth  rates  between  the  two  conditions  appears  to  be  less  than  a  factor  of  two.  It 
should  be  noted  that,  due  to  the  surface  damage  shown  in  these  figures,  the  measurements 
are  approximations.  Appendix  D  contains  each  SEM  photograph,  at  various  stress  levels, 
used  to  measure  striations. 
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Figure  3.  Servo-hydraulic  uniaxial  test  machine  with  fretting  fatigue  apparatus. 
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Figure  5.  Fretting  specimen  and  pad  with  dimensions. 


Figure  6.  Schematic  experimental  configuration  of  seawater  application  apparatus. 


31 


^eff  (MPa) 


500 
490 
480 
470 
460 
450 
440 
430 
420 
410 
400 

10000  100000 

Nf  (eyelet?) 

Figure  8.  Effective  Stress  (oeff)  vs.  Number  of  Cycles  to  Failure  (Nf)  of  various  seawater 

application  frequencies. 
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Figure  9.  Effect  of  various  seawater  application  frequencies  on  Number  of  Cycles  to 

Failure  (Nf). 
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Figure  10.  Effective  Stress  (oeff)  vs.  Number  of  Cycles  to  Failure  (Nf)  for  seawater  and 
dry  conditions.  An  arrow  indicates  the  test  was  discontinued  before  fracture. 
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Figure  12.  Effective  Stress  (oeff)  vs.  Q/P  ratio  for  seawater  and  dry  conditions. 
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Figure  13.  BSE  SEM  photograph  of  fracture  surface  exposed  to  seawater  at  aeff=418.0 

MPa  before  cleaning. 
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Figure  14.  BSE  SEM  photograph  of  fracture  surface  exposed  to  dry  conditions  at 

aeff=535.5  MPa  before  cleaning. 
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Figure  15.  EDS  broad  scan  of  the  fracture  surface  of  a  specimen  exposed  to  seawater 

before  cleaning. 
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Figure  17.  SEM  photograph  of  magnified  debris  from  speeimen  exposed  to  seawater 

conditions  before  cleaning. 
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Figure  18.  SEM  photograph  of  magnified  debris  from  speeimen  exposed  to  dry 

conditions  before  cleaning. 
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Figure  19.  Magnified  EDS  scan  of  titanium  debris  formed  under  seawater  conditions 

before  cleaning. 
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Figure  20.  Magnified  EDS  scan  of  “seawater”  debris  formed  under  seawater  conditions 

before  cleaning. 
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Figure  22.  BSE  SEM  photograph  of  fracture  surface  exposed  to  seawater  conditions  at 

Oeff=418.0  MPa  after  cleaning. 
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Figure  23.  BSE  SEM  photograph  of  fracture  surface  exposed  to  dry  conditions  at 

aeff=535.5  MPa  after  cleaning. 
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Figure  25.  EDS  broad  scan  of  the  fracture  surface  of  a  specimen  exposed  to  dry 

conditions  after  cleaning. 
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Figure  26.  Magnified  BSE  SEM  photograph  of  debris  formed  under  seawater  eonditions 

after  eleaning. 
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Figure  27.  Magnified  BSE  SEM  photograph  of  debris  formed  under  dry  conditions  after 

cleaning. 
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Figure  28.  Magnified  EDS  sean  of  debris  formed  under  seawater  eonditions  after 

e  leaning. 
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Figure  32.  Effective  Stress  (oeff)  vs.  Scar  Volume  Estimates  for  seawater  and  dry 

conditions. 


Figure  33.  SEM  photograph  of  fatigue  striations  in  speeimen  exposed  to  seawater 

eonditions  at  aeff=449.9  MPa. 
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Figure  34.  SEM  photograph  of  fatigue  striations  in  speeimen  exposed  to  dry  eonditions 

at  aeff=431.4  MPa. 
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Figure  35.  Effective  Stress  (oeff)  vs.  striation  estimates  for  seawater  and  dry  conditions. 
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Table  1.  Experimental  Data 


Condition 

Nf 

^max 

^min 

Aa 

<7eff 

Qmax 

Qmin 

R 

Q/P 

Cycles 

MPa 

MPa 

MPa 

MPa 

N 

N 

Dry 

70500 

465.5 

72.5 

393.0 

431.4 

1201.02 

-983.06 

0.156 

0.9000 

Dry 

66840 

546.25 

23.52 

522.7 

535.5 

1100.53 

-1138.83 

0.043 

0.8247 

Dry 

106687 

586.92 

18.08 

568.8 

578.7 

1219.88 

-1292.3 

0.031 

0.9141 

Dry 

87846 

444.15 

77.95 

366.2 

407.2 

818.74 

-740.23 

0.176 

0.6135 

Dry 

1659959 

383.36 

107.77 

275.6 

330.4 

759.44 

-722.48 

0.281 

0.5691 

Dry 

218329 

424.77 

133.2 

291.6 

358.6 

776.75 

-718.7 

0.314 

0.5821 

Seawater 

23100 

484.47 

73.54 

410.9 

449.9 

1183.23 

-671.68 

0.152 

0.8867 

Seawater 

54280 

478.04 

194.89 

283.2 

377.7 

960.82 

-528 

0.408 

0.7200 

Seawater 

2221760 

424.46 

170.11 

254.4 

337.1 

711.72 

-622.75 

0.401 

0.5333 

Seawater 

25892 

760.08 

361.29 

398.8 

568.6 

346.96 

-1205.47 

0.475 

0.2600 

Seawater 

21332 

687.64 

295.09 

392.6 

534.3 

1058.68 

-876.3 

0.429 

0.7933 

Seawater 

44474 

551.58 

253.73 

297.9 

418.0 

889.64 

-705.93 

0.460 

0.6667 

Seawater 

2282108 

493.77 

265.65 

228.1 

348.8 

810.46 

-430.45 

0.538 

0.6073 
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Table  2.  Data  used  to  determine  sear  volume  at  15,000  eyeles. 


Condition 

^max 

^min 

Aa 

Oeff 

Qmax 

Qmin 

R 

Q/P 

MPa 

MPa 

MPa 

MPa 

N 

N 

Dry 

372.7 

94.1 

278.6 

326.9 

974.34 

-643.26 

0.253 

0.730133 

Dry 

435.884 

53.88377 

382.0 

410.8 

1220.725 

-993.466 

0.124 

0.914767 

Dry 

501.62 

83.51 

418.1 

462.2 

1426.634 

-845.598 

0.166 

1.069067 

Dry 

567.353 

48.637 

518.7 

544.9 

1617.418 

-1082.52 

0.086 

1.212034 

Seawater 

486.435 

77.585 

408.85 

449.8497 

1133.638 

-857.553 

0.159497 

0.849507 

Seawater 

446.93 

79.375 

367.555 

409.2859 

1092.74 

790.83 

0.177601 

0.818859 

Seawater 

544.393 

36.416 

507.977 

527.6935 

1181.584 

-1188.45 

0.066893 

0.885436 

Seawater 

391.5678 

136.7771 

254.7907 

322.7204 

935.3487 

-464.403 

0.349306 

0.700916 
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IV,  Analytical  Results 


Finite  element  analysis  (FEA)  and  fretting  fatigue  parameters  are  diseussed  in  this 
ehapter.  The  requirement  of  FEA  will  be  explained  and  a  deseription  of  the  model 
eonfiguration  will  be  provided.  Einite  element  analysis  results  will  be  validated  through  a 
eomparison  with  results  obtained  from  an  analytieal  solution.  Einally,  the  applied  (far 
field)  stress  range  and  the  Modified  Shear  Stress  Range  parameter  will  be  evaluated  as 
potential  fatigue  parameters  of  Ti-6A1-4V  under  seawater  fretting  fatigue  eonditions. 

Requirement  of  Finite  Element  Analysis 

This  study  utilized  a  eylindrieal  fretting  pad  on  a  fiat  fretting  speeimen,  a  cylindrical 
on  fiat  configuration,  as  shown  in  Eigure  36.  It  has  been  noted  that  in  this  type  of 
contact,  the  size  of  the  contact  area  between  the  fretting  pad  and  fretting  specimen  is 
dependent  on  the  applied  load.  Hills  and  Nowell  [49]  defined  an  analytical  solution  for 
two  parallel,  infinitely  long  cylinders  such  that  the  radii  of  curvature  are  large  compared 
to  the  contact  width,  a  cylindrical  on  cylindrical  configuration.  The  analytical  solution 
can  be  modified  and  applied  to  the  cylindrical  on  fiat  configuration  used  in  this  study. 

The  fretting  pads  and  specimens  used  in  this  study  were  both  machined  from  Ti-6A1- 
4V.  According  to  the  Hertz  solution,  when  two  elastically  similar  contacting  bodies  are 
subjected  to  a  normal  load,  a  pressure  distribution  occurs.  It  is  assumed  that  the  radii  of 
both  the  pad  and  specimen  are  large  in  comparison  to  the  contact  dimensions  and  the 
contacting  bodies  have  infinite  boundaries.  It  has  been  shown  that  infinite  boundaries 
can  be  assumed  if  one  half  of  the  specimen  thickness,  b,  is  ten  times  the  contact  half 
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width,  a,  or  b/a>10.  However,  if  b/a<10,  then  a  diserepaney  will  exist  between  the 
numerieal  and  analytieal  solutions  as  eonfirmed  by  Fellows  et  al.  [50],  and  finite  element 
analysis  is  required  to  validate  the  experimental  results.  Hills  and  Nowell  derived 
equations  to  solve  for  the  eontaet  half- width  [49].  The  eontaet  half-width  ean  be 
determined  from: 


2  2PA' 

a  = - 

jik 


(5) 


where  a  is  the  eontaet  half-width,  and  P  is  the  normal  load  distributed  over  the  width  of 
the  speeimen.  The  eomposite  eomplianee.  A',  for  two  bodies  of  the  same  material  is 
given  as: 


E 


(6) 


where  v  is  poisson’s  ratio  (0.3  for  Ti-6A1-4V)  and  E  is  the  Modulus  of  Elastieity  (126 
GPa  for  Ti-6A1-4V).  The  radius  of  curvature,  k,  is  found  from: 


k  = 


1  1 
Ry 


(V) 


where  Ri  is  the  radius  of  the  fretting  pad  and  Ri  is  the  radius  of  the  fretting  specimen.  In 
this  study,  the  fretting  pad  had  a  constant  radius  while  the  fretting  specimen  was  assumed 
to  be  flat  (i.e.  to  have  infinite  boundaries  in  the  cross  sectional  plane).  Using  the  above 
equations,  the  contact  half-width,  a,  was  calculated  to  be  0.4431  mm  while  the  specimen 
half  thickness,  b,  was  1.905  mm.  In  this  study,  b/a  was  4.3,  thereby  violating  the  infinite 
boundary  assumption  and  necessitating  the  use  of  finite  element  analysis. 
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Finite  Element  Model  of  Fretting  Fatigue  Configuration 

The  finite  element  analysis  used  in  this  study  was  similar  to  the  one  utilized  by 
Lykins  [42]  and  Yuksel  [40].  A  eommereially  available  finite  element  eode,  ABAQUS 
[51],  was  used  to  model  the  experimental  eonditions.  The  finite  element  mesh  was 
developed  using  four  noded,  plane  strain  quadrilateral  elements  and  ineorporated  a 
master-slave  eontaet  algorithm  on  the  eontaeting  surfaee  between  the  fretting  pad  and 
speeimen.  The  finite  element  model  is  shown  in  Figure  37.  The  model  eonsisted  of  three 
bodies:  the  fretting  speeimen,  the  fretting  pad,  and  a  rigid  body  eonstraint  whieh 
eonstrained  the  fretting  pad  in  the  x  and  y  direetions.  A  multipoint  eonstraint  was  applied 
to  the  top  of  the  fretting  pad  to  prevent  rotation  as  a  result  of  the  applied  loads. 

Loads  were  applied  to  the  finite  element  model  in  three  steps.  During  the  first 
step,  the  normal  load,  P,  was  applied  to  the  top  of  the  fretting  pad.  The  seeond  step 
applied  the  minimum  experimental  load,  Qmin,  and  the  minimum  experimental  axial 
stress,  Oaxiai.min,  to  replieate  the  experimental  minimum  eyelie  loading.  The  maximum 
experimental  tangential  load,  Qmax,  and  the  maximum  experimental  axial  stress,  Oaxiai  max, 
were  applied  during  the  third  step  to  duplieate  the  experimental  maximum  eyelie  loading. 
The  tangential  loads  were  applied  to  the  left  side  of  the  fretting  pad  while  the  axial  loads 
were  applied  to  the  right  side  of  the  fretting  speeimen.  The  normal  load  was  held 
eonstant  at  1334  N  while  the  tangential  load,  axial  stress,  and  eoeffieient  of  frietion 
varied  during  eaeh  test.  The  tangential  load  and  axial  stress  values  were  direet 
measurements  while  the  eoeffieient  of  frietion  values  were  based  on  the  Q/P  ratio  as 
mentioned  in  ehapter  three.  The  experimental  data  used  for  FEA  is  shown  in  Table  1 . 
Finite  element  analysis  eomputations  were  performed  on  one  eomplete  load  eyele  sinee 
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Lykins  [42]  found  that  multiple  cycles  do  not  change  the  model  output.  Finite  element 
analysis  was  conducted  for  each  of  the  experimental  conditions  found  in  this  study. 

Finite  Element  Analysis  Validation  via  Comparison  with  an  Analytical  Solution 

The  data  collected  from  the  finite  element  analysis  was  validated  by  comparing  it 
to  an  analytical  solution,  which  is  available  as  a  Fortran  program  developed  by  Chan  and 
Lee,  known  as  the  Ruiz  solution  [52].  The  Ruiz  solution  evaluates  the  combined  effects 
of  the  surface  tangential  stress,  Oj,  the  surface  shear  stress,  x,  and  the  slip  at  the  interface, 
5.  Figure  38  shows  a  comparison  of  stress  in  the  x-direction  along  the  contact  surface  for 
finite  element  analysis  results  and  the  Ruiz  solution  results.  There  is  good  comparison 
between  the  predicted  results  of  the  two  analytical  solutions.  The  FEA  provided  a 
maximum  stress  of  864.8  MPa  compared  to  the  Ruiz  solution  of  891.1  MPa,  a  variation 
of  3%.  Hertzian  peak  pressure  was  determined  to  be  303.6  MPa  from  FEA  and  302.1 
MPa  from  Ruiz,  a  difference  of  0.5%.  Half  contact  width  varied  by  only  0.4%,  apEA 
=0.441mm  versus  aRuiz  =0.443mm.  Based  on  these  results,  finite  element  analysis 
models  used  in  this  study  can  be  considered  accurate,  and  the  axial,  transverse,  and  shear 
stress  distributions  along  the  contact  surface  will  be  used  to  evaluate  the  Modified  Shear 
Stress  Range  fatigue  parameter. 

Fatigue  Parameters 

The  applied  (far  field)  stress  range  was  evaluated  to  determine  its  potential  as  a 
fretting  fatigue  parameter  in  the  environmental  studies  of  Ti-6A1-4V.  Figure  10  shows 
that  seawater  fretting  fatigue  conditions  appeared  to  be  more  detrimental  on  the  fretting 
fatigue  life  of  Ti-6A1-4V  than  dry  fretting  conditions  at  the  higher  stress  levels. 
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However,  seawater  fretting  fatigue  eonditions  appeared  to  improve  the  fretting  fatigue 
life  at  the  lower  stress  levels.  Under  high  cyele  fatigue  conditions,  the  data  from  the  two 
conditions  may  lie  within  a  narrow  scatter  range.  This  suggests  that  dry  fretting  fatigue 
life  data  can  be  used  to  provide  a  conservative  estimate  of  seawater  fretting  fatigue  life 
under  high  cycle  regimes.  However,  this  is  a  very  simplified  approach  in  determining 
fatigue  life  as  it  does  not  account  for  the  stresses  and  stress  gradients  encountered  in  the 
fretting  contact  region  nor  does  it  consider  the  multiaxial  stress  state  in  the  contact 
region.  For  the  latter  reason,  a  multiaxial  parameter,  the  Modified  Shear  Stress  Range 
(MSSR),  will  be  evaluated. 

Of  the  many  multiaxial  parameters  available.  Mall  et  al.  [9]  have  shown  the  MSSR  to 
be  effective  at  predicting  the  fretting  fatigue  life  of  Ti-6A1-4V  from  plain  fatigue  life 
data.  The  MSSR  incorporates  a  combination  of  shear  and  normal  stresses  that  are 
encountered  in  multiaxial  fatigue  loading  and  emphasizes  the  high  stress  concentration 
that  occurs  at  the  trailing  edge  of  contact.  Figures  39  and  40  show  that  the  fretting 
fatigue  crack  initiates  near  the  trailing  edge  of  contact  in  both  the  seawater  and  dry 
conditions.  In  this  study,  the  MSSR  was  evaluated  to  determine  if  it  could  predict 
seawater  fretting  fatigue  life  from  dry  fretting  fatigue  life  data. 

Output  data  collected  from  the  FEA  was  inputted  into  an  in-house  Fortran  program  to 
calculate  the  MSSR  parameter  for  both  dry  and  seawater  fretting  fatigue  conditions.  The 
MSSR  was  calculated  using  the  surface  stresses  determined  from  FEA.  Once  calculated, 
the  MSSR  was  plotted  against  the  number  of  cycles  to  failure,  Nf,  as  shown  in  Eigure  41. 
This  figure  suggests  that  seawater  reduces  the  fretting  fatigue  life  at  higher  stresses  and 
improves  it  at  lower  stresses.  In  order  for  the  MSSR  to  be  used  as  a  fretting  fatigue 
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parameter  in  the  environmental  studies  of  Ti-6A1-4V,  an  equivalenee  must  be  established 
between  the  seawater  and  dry  eonditions.  Under  the  low  eyele  fatigue  regime,  the  data 
from  the  two  eonditions  did  not  appear  to  eollapse  into  a  narrow  seatter  band  thus 
indieating  that  an  equivalenee  was  not  established.  However,  in  high  eyele  fatigue 
eonditions,  the  data  did  appear  to  lie  in  a  narrow  seatter  band  thus  suggesting  that  the 
MSSR  eould  be  used  to  prediet  sweater  fretting  fatigue  life  from  dry  fretting  fatigue  life 
data.  Table  3  eontains  data  from  both  fatigue  parameters. 
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Figure  36.  Cylindrical  on  flat  configuration. 
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Figure  37.  FEA  mesh  of  speeimen,  pad,  and  rigid  body  eonstraint. 
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Figure  39.  Fretting  fatigue  erack  initiation  at  trailing  edge  of  eontact  in  specimen 
exposed  to  seawater  conditions  at  Oeff  =  449.9  MPa. 
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Figure  40.  Fretting  fatigue  crack  initiation  at  trailing  edge  of  contact  in  specimen 
exposed  to  dry  conditions  at  aeff=  431.4  MPa. 
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Nf  (cycles) 


Figure  41.  MSSR  vs.  Number  of  Cyeles  to  Failure  (Nf)  for  seawater  and  dry 
eonditions.  An  arrow  indieates  the  test  was  diseontinued  before  fraeture. 
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Table  3.  Analytical  Data. 


Condition 

Nf 

CTeff 

MSSR 

Cycles 

MPa 

MPa''.  5 

Dry 

70500 

431.4 

34.58 

Dry 

66840 

535.5 

35.7 

Dry 

106687 

578.7 

37.45 

Dry 

87846 

407.2 

30.59 

Dry 

1659959 

330.4 

28.9 

Dry 

218329 

358.6 

30.11 

Seawater 

23100 

449.9 

34.68 

Seawater 

54280 

377.7 

33.29 

Seawater 

2221760 

337.1 

29.3 

Seawater 

25892 

568.6 

36.39 

Seawater 

21332 

534.3 

36.64 

Seawater 

44474 

418.0 

33.05 

Seawater 

2282108 

348.8 

31.09 
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V.  CONCLUSIONS 


This  chapter  provides  a  summary  of  the  work  performed  in  this  thesis.  The 
experimental  results  will  be  diseussed,  and  suggestions  will  be  made  for  future  work. 

Experimental  Summary 

The  purpose  of  this  thesis  was  to  investigate  the  fretting  fatigue  behavior  of  Ti-6A1- 
4V  in  a  eorrosive  environment.  Seawater  was  ehosen  as  the  test  environment  due  to  its 
highly  eorrosive  nature  and  frequent  exposure  to  aireraft.  A  simplified  geometry  and 
loading  eonliguration  was  utilized  to  represent  the  eomplex  geometry  and  loading 
eonditions  eneountered  in  aireraft  engines.  Lateral  springs  in  the  fretting  fixture  applied  a 
eonstant  normal  load  while  holding  the  fretting  pads  against  the  fretting  speeimen.  An 
axial  stress,  Oaxiai,  was  imposed  on  the  fretting  speeimen  by  the  servo-hydraulie  test 
maehine.  This  stress  produeed  a  tangential  load,  Q,  whieh  was  dependent  on  the  lateral 
spring  stiffness  and  eoeflieient  of  frietion  at  the  eontaet  surfaee.  The  normal  load  (1334  N) 
and  the  pad  radius  (50.8  mm)  were  held  eonstant  throughout  eaeh  test.  Both  low  and  high 
eyele  fatigue  regimes  were  evaluated  by  varying  the  applied  axial  loads.  Six  tests  were 
eondueted  under  laboratory  air  (dry)  eonditions,  and  seven  tests  were  performed  under 
seawater  eonditions.  The  seawater  eondition  eonsisted  of  an  open  air  system  whieh  applied 
synthetie  seawater  onto  eaeh  pad/speeimen  eontaet  surfaee  for  two  seeonds  every  one 
minute.  This  resulted  in  an  applieation  rate  of  approximately  five  ml  per  minute  on  eaeh 
side  of  the  speeimen. 
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Dry  and  seawater  fretting  fatigue  life  data  of  Ti-6A1-4V  was  eolleeted  and 
eompared.  Q/P  ratio,  fraeture  surfaee  debris,  sear  volume,  and  fatigue  striations  were  also 
evaluated.  Finite  Element  Analysis  (FEA)  was  used  to  model  the  experimental 
eonfiguration  and  analyze  the  experimental  data.  The  results  of  the  FEA  were  then  used  to 
evaluate  a  eritieal  plane  based  fatigue  parameter.  Modified  Shear  Stress  Range  (MS SR). 

The  applied  (far  field)  stress  range  was  also  evaluated  to  determine  its  potential  as  a  fretting 
fatigue  parameter  in  the  environmental  studies  of  Ti-6A1-4V. 

Discussion  of  Experimental  Results 

Fretting  Fatigue  Life  Data. 

Dry  and  seawater  fretting  fatigue  life  data  were  eolleeted  and  expressed  as  a 
fatigue  life  diagram,  i.e.  effeetive  stress  amplitude,  Oeff,  versus  the  number  of  eyeles  to 
failure,  Nf.  Under  low  eyele  fatigue,  the  fretting  fatigue  life  appeared  to  be  redueed  in  the 
seawater  environment.  However,  the  fretting  fatigue  life  appeared  to  inerease  in  the 
seawater  environment  under  high  eyele  fatigue.  This  is  in  agreement  with  a  previous 
study  [15].  Several  faetors  may  have  eontributed  to  this  behavior.  First,  mieroeraek 
formation  may  have  played  a  role  in  these  findings.  More  mieroeraeks  were  formed  on 
the  eontaet  surfaee  under  seawater  eonditions  at  all  stress  levels,  ft  is  hypothesized  that 
an  inerease  in  mieroeraek  formation  eorrelates  with  an  inerease  in  debris  produetion 
whieh  in  turn  equates  to  larger  sear  volumes.  During  eraek  initiation  and  short  eraek 
growth,  the  inereased  number  of  mieroeraeks  eould  provide  a  shielding  effeet  thereby 
slowing  the  overall  eraek  growth  rate.  This  eould  aeeount  for  the  improved  fretting 
fatigue  life  under  high  eyele  fatigue  eonditions  as  it  has  been  suggested  that  high  eyele 
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fatigue  is  dominated  by  eraek  initiation  [15].  However,  this  shielding  effeet  would  be 
negated  under  low  eyele  fatigue  conditions  where  crack  propagation  has  been  proposed 
as  dictating  the  fretting  fatigue  process.  Second,  the  environment  may  have  assisted  the 
crack  propagation  rate  under  low  cycle  fatigue  conditions  thus  resulting  in  a  diminished 
fretting  fatigue  life.  Some  environmental  embrittlement  mechanisms,  such  as  strain 
induced  hydrides,  are  stress  dependent.  Under  low  cycle  fatigue,  these  embrittlement 
mechanisms  may  have  contributed  to  the  observed  reduction  in  life.  However,  the 
stresses  used  under  high  cycle  fatigue  may  not  have  been  sufficient  to  foster  these 
embrittlement  mechanisms.  Therefore,  the  environment  may  have  a  significant  effect  on 
crack  growth  rate  in  low  cycle  fatigue  conditions  but  not  in  high  cycle  fatigue  conditions. 
This  could  account  for  the  improved  fretting  fatigue  life  observed  at  the  lower  stresses. 

Q/P  Ratio. 

As  shown  in  Figure  12,  the  Q/P  ratio  in  both  the  dry  and  seawater  conditions 
increased  with  an  increasing  applied  stress.  It  was  anticipated  that  the  Q/P  ratio  would  be 
lower  in  the  seawater  samples  than  in  the  dry  samples  as  previous  studies  have  found 
seawater  to  act  as  a  lubricant  thereby  lowering  the  coefficient  of  friction  [14,28].  In  this 
study,  the  Q/P  ratio  was  slightly  lower  in  seawater  conditions  than  in  dry  conditions; 
however,  the  difference  between  the  two  conditions  was  negligible.  There  are  three 
possible  explanations  for  this  result.  First,  since  each  fretting  fatigue  test  was  started 
under  the  dry  condition,  the  samples  were  not  exposed  to  seawater  until  approximately 
2,000-3,000  cycles.  Second,  only  a  small  amount  of  seawater  was  added  during  the 
experiments  as  it  was  noted  that  adding  a  large  amount  of  seawater  would  occasionally 
result  in  a  gross  slip  scenario.  Finally,  previous  studies  may  have  utilized  a  different  test 
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configuration  where  the  sample  speeimens  were  eompletely  submerged  in  seawater 
throughout  the  duration  of  the  tests. 

Fracture  Surface  Debris, 

Fracture  surface  debris  was  identified  under  the  Scanning  Electron  Microscope 
(SEM)  and  analyzed  using  Energy  Dispersive  Spectroscopy  (EDS).  As  anticipated,  the 
debris  on  the  fracture  surface  of  the  samples  exposed  to  seawater  contained  more 
elements  than  that  of  debris  exposed  to  the  dry  condition.  Prior  to  specimen  cleaning,  the 
debris  found  on  dry  samples  was  mostly  oxide  in  nature  while  that  of  the  seawater 
samples  contained  large  amounts  of  both  oxides  and  seawater  contaminants.  Debris  on 
dry  samples  after  specimen  cleaning  was  similar  to  that  found  before  cleaning.  However, 
after  cleaning  the  seawater  samples,  the  debris  appeared  to  mostly  be  oxides  with  a  small 
amount  of  seawater  contaminants  noted.  The  presence  of  large  amounts  of  oxide  debris 
in  both  the  dry  and  seawater  post-cleaning  specimens  may  be  due  to  the  oxides  being  less 
soluble  than  the  seawater  debris  in  the  cleaning  solution.  Additionally,  the  oxide  debris 
may  have  been  embedded  in  the  fracture  surface  while  the  seawater  debris  was  more 
superficial.  It  is  important  to  note  that  after  cleaning,  the  fracture  surfaces  appeared  very 
similar  for  both  conditions.  If  the  environmental  influence  on  the  fracture  surface  is  not 
easily  detected,  investigators  who  evaluate  the  appearance  of  an  aircraft  component  after 
failure  may  conclude  that  dry  fretting  fatigue  is  the  sole  cause  of  failure  thereby 
discounting  the  environmental  influence. 

Scar  Volume, 

It  has  been  noted  that  an  increase  in  surface  debris  correlates  to  an  increase  in  scar 
volume  [35].  In  order  to  evaluate  the  mechanical  and  chemical  effects  of  fretting  in  both 
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dry  and  seawater  eonditions,  eight  tests,  four  under  dry  eonditions  and  four  under  wet 
eonditions,  were  ran  at  various  effeetive  stresses,  Oeff,  for  15,000  eyeles.  This  allowed  a 
sear  to  form  without  fraeturing  the  speeimen.  Sear  volume  was  then  measured  using  an 
Ultrasean  Profilameter.  As  shown  in  Figure  32,  the  data  shows  that  the  sear  volume  is 
larger  at  all  stress  levels  in  the  samples  exposed  to  seawater  than  those  exposed  to  dry 
eonditions.  The  larger  sear  volume  in  seawater  samples  supports  the  theory  that  the 
seawater  environment  ereates  more  mieroeraeks  and  therefore  more  debris  on  the  fretting 
surfaee. 

Fatigue  Striations. 

Striations  on  the  fraeture  surfaee  were  measured  in  order  to  eompare  eraek  growth 
rates  in  the  dry  and  seawater  environments.  The  striations  were  evaluated  under  a 
Seanning  Eleetron  Mieroseope  (SEM)  at  a  distanee  of  two  millimeters  away  from  the 
eontaet  surfaee  and  perpendieular  to  the  eraek  initiation  site.  Eigure  35  suggests  that  the 
seawater  environment  promotes  an  inerease  in  eraek  propagation  rate  at  this  distanee. 
However,  further  studies  are  needed  to  verify  this  theory. 

Finite  Element  Analysis. 

Due  to  the  nature  of  the  fretting  fatigue  eonfiguration  used  in  this  study.  Finite 
Element  Analysis  (FEA)  was  utilized  to  verify  the  experimental  results.  The  FEA  model 
was  eompared  to  the  Ruiz  analytieal  method  in  order  to  validate  the  FEA  results.  There 
was  good  agreement  between  the  two  solutions.  The  maximum  stress  varied  by  3%,  the 
Hertzian  peak  pressure  by  0.5%,  and  the  half  eontaet  width  by  0.4%.  Results  from  the 
FEA  were  thus  eonsidered  aeeurate  and  were  used  to  evaluate  the  Modified  Shear  Stress 
Range  (MS  SR)  fatigue  parameter. 
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Fatigue  Parameters, 

The  applied  (far  field)  stress  range  was  evaluated  to  determine  its  potential  as  a 
fretting  fatigue  parameter  in  the  environmental  studies  of  Ti-6A1-4V.  Figure  10  shows 
both  the  seawater  and  dry  fretting  fatigue  data  expressed  as  the  effeetive  stress  amplitude, 
Oeff,  versus  the  number  of  eyeles  to  failure,  Nf.  It  appears  that,  under  the  high  eyele 
fatigue  regime,  the  data  falls  within  a  narrow  seatter  range.  This  suggests  that  the  applied 
(far  field)  stress  range  ean  be  used  to  eonservatively  prediet  seawater  fretting  fatigue  life 
from  dry  fretting  fatigue  life  data.  However,  it  is  important  to  remember  that  this 
approaeh  does  not  take  into  eonsideration  the  eontaet  stresses  in  the  eontaet  region  nor 
does  it  aeeount  for  the  stress  state  in  the  eontaet  region. 

The  MS  SR  was  also  evaluated  as  a  potential  fretting  fatigue  parameter  in  the 
environmental  studies  of  Ti-6A1-4V  as  it  ineorporates  the  stress/strain  state  of  the 
loealized  eontaet  region  as  well  as  the  effeets  of  multiaxial  loading.  The  MSSR 
ealeulations  were  plotted  against  the  number  of  eyeles  to  failure,  Nf,  for  both  the  dry  and 
seawater  environments  as  shown  in  Figure  41.  The  data  from  the  two  eonditions  do  not 
appear  to  eollapse  into  a  narrow  seatter  range  under  low  eyele  fatigue  eonditions. 
However,  the  data  do  appear  to  lie  in  a  small  seatter  band  under  high  eyele  fatigue 
eonditions.  This  suggests  that  the  MSSR  ean  be  used  to  eonservatively  prediet  seawater 
fretting  fatigue  life  from  dry  fretting  fatigue  life  data  under  high  eyele  fatigue  eonditions. 
However,  more  tests  should  be  eondueted  under  both  the  high  eyele  fatigue  regime  and 
the  transitional  phase  between  low  and  high  eyele  fatigue  to  verify  this  finding. 
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Future  Work 


In  this  study,  samples  were  tested  under  dry  and  seawater  eonditions  only.  Future 
studies  should  also  eompare  the  effeets  of  distilled  water  and  humidity  on  the  fretting 
fatigue  behavior  of  Ti-6A1-4V.  This  would  allow  a  eomparison  of  the  hydrogen  found  in 
distilled  water  and  humidity  with  the  eombined  effeets  of  hydrogen  and  other  elements 
found  in  seawater  to  determine  whieh,  if  any,  elements  eontribute  to  the  redueed  fretting 
fatigue  life  found  in  low  eyele  fatigue.  Temperature  should  be  evaluated  to  understand 
its  effeet  on  the  meehanieal  and  ehemieal  meehanisms  of  fretting  fatigue  under  seawater 
eonditions.  The  various  mierostruetures  of  Ti-6A1-4V  should  be  evaluated  under  fretting 
fatigue  seawater  eonditions  to  determine  if  the  mierostruetures  respond  differently  to  the 
seawater  environment.  Fretting  fatigue  studies  should  also  be  performed  on  Ti-6A1-4V 
under  seawater  eonditions  with  the  eleetroehemieal  effeets  of  seawater  redueed  through 
the  proeess  of  eathodie  proteetion.  This  would  determine  whether  eleetroehemieal  effeets 
are  involved  in  redueing  the  fretting  fatigue  life  of  Ti-6A1-4V  in  low  eyele  fatigue 
regimes.  Additional  studies  eould  investigate  the  effeets  of  surfaee  treatments,  sueh  as 
shot-peening,  on  the  fretting  fatigue  behavior  of  Ti-6A1-4V  under  seawater  eonditions 
sinee  surfaee  treatments  have  been  shown  to  improve  fretting  fatigue  life  [40].  Sinee  this 
study  utilized  only  one  pad  size  and  a  eonstant  normal  load,  future  tests  should  be 
eondueted  with  various  pad  geometries  and  normal  loads  to  determine  if  the  fretting 
fatigue  eraek  initiation  meehanism  is  altered  by  the  various  eombinations  of  shear  and 
normal  stresses  at  the  eontaet  surfaee.  Plain  fatigue  tests  under  seawater  eonditions 
should  also  be  performed  to  develop  a  baseline  for  further  eomparison.  Tests  should  be 
eondueted  at  higher  frequeneies  to  simulate  operational  environments.  Finally,  future 
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work  should  examine  the  initiation,  loeation,  and  orientation  of  fretting  fatigue  eraeks  in 
seawater  eonditions  to  determine  if  the  MSSR  fatigue  parameter  is  able  to  prediet  these 
results. 
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Appendix  A.  Back  Scatter  Emission  Scanning  Electron  Microscope  (BSE  SEM) 
Photographs  of  Eracture  Surfaces  of  Specimens  Exposed  to  Seawater  Conditions. 


BSE  SEM  of  fracture  surface  exposed  to  seawater  conditions  at  aeff=377  MPa  before 

cleaning. 
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BSE  SEM  of  fracture  surface  exposed  to  seawater  conditions  at  aeff=570  MPa  before 

cleaning. 
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Appendix  B.  Scanning  Electron  Microscope  (SEM)  Photographs  of  the  Eractured 
Surfaces  of  Each  Specimen  after  cleaning. 


Crack  Initiation 


Imm  20X 


Specimen  exposed  to  dry  conditions  at  Oeff =330.4  MPa. 
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Crack  Initiation 


1mm  20X 


Specimen  exposed  to  dry  conditions  at  aeff=358.6  MPa. 
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1mm  20X 


Specimen  exposed  to  dry  conditions  at  Oeff  =407.2  MPa. 
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Crack  Initiation 


I  <  ’♦'S'  •  V  ‘ 


Imm  20X 


Specimen  exposed  to  dry  conditions  at  aeff=431.4  MPa. 
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1mm  20X 


Specimen  exposed  to  dry  conditions  at  aeff=535.5  MPa. 
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1mm  20X 


Specimen  exposed  to  dry  conditions  at  aeff=578.7  MPa. 


91 


1mm  20X 

Specimen  exposed  to  seawater  conditions  at  Oeff =377.7  MPa. 
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1mm  20X 


Specimen  exposed  to  seawater  conditions  at  aeff=418.0  MPa. 
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1mm  20X 


Specimen  exposed  to  seawater  conditions  at  Oeff  =449.9  MPa. 


94 


1mm  20X 


Specimen  exposed  to  seawater  conditions  at  aeff=534.3  MPa. 
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Imm  20X 

Specimen  exposed  to  seawater  conditions  at  aeff=568.6  MPa. 
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Appendix  C.  Photographs 


Dry  Condition  Diy  Condition  ^ 

CTtEF=  327MPa  Oe£E=«2MPa  aeff=545MPa 


Dry  Condition 
C7e£F=411MPa 


2  nun 
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Scars  at  15,000  cycles, 


Seawater  Condition  Seawater  Condifaon 

aeff=  409MPa  Cyeff=  323MPa 


/N 

Seawater  Condition 
a  eff  =  540  MPa 


Seawater  Conditicin 
G  eff=  337  MPa 


Seawater  Condition 
aeff=  450  MPa 


2  mm 


*  This  scar  formed  during  previous  test  after  more  than  2.2M  eyeles. 
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Appendix  D.  Scanning  Electron  Microscope  Photographs  of  Fatigue  Striations. 


Specimen  exposed  to  dry  conditions  at  aeff=330.4  MPa. 
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Specimen  exposed  to  dry  conditions  at  aeff=407  MPa. 
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101 


Specimen  exposed  to  dry  conditions  at  aeff=535.5  MPa. 
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Specimen  exposed  to  dry  conditions  at  aeff=578.7  MPa. 
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Specimen  exposed  to  seawater  conditions  at  aefi=377.7  MPa. 
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Specimen  exposed  to  seawater  conditions  at  Oef^dlS.O  MPa. 
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Specimen  exposed  to  seawater  conditions  at  aef^449.9  MPa. 
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Specimen  exposed  to  seawater  conditions  at  aefi=568.6  MPa. 
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